Abstract. The focus of this paper is the role of rain forests in large-scale atmospheric circulations. The significance of this role is investigated by studying the response of the tropical atmosphere to a perturbation in the state of vegetation (deforestation) over three regions: the Amazon, Congo, and Indonesia. A theory is developed to relate tropical deforestation and the resulting changes in the large-scale atmospheric circulation. Field observations and numerical simulations support the argument that tropical deforestation reduces the total net surface radiation, including terrestrial and solar forms. However, the energy balance at the land-atmosphere boundary dictates that for equilibrium conditions, any reduction in net surface radiation has to be balanced by a similar reduction in the total flux of heat, including sensible and latent forms. Since these fluxes supply heat as well as entropy from the forest into the atmospheric boundary layer, a reduction in the total flux of heat reduces the boundary layer entropy. In a moist atmosphere, that satisfies a quasi equilibrium between moist convection and radiative forcing, the equilibrium temperature profile is uniquely related to the boundary layer entropy. Under such conditions, large-scale deforestation reduces boundary layer ent•ropy relative to the surroundings, cools the upper troposphere, and results in subsidence, divergent flow in the boundary layer, and weakening of the large-scale circulation. These changes are simulated using a simple linear model of atmospheric flow. The comparison of the model predictions with observations of atmospheric circulations over the Amazon, Congo, and Indonesia suggests a significant role for vegetation in maintaining large-scale atmospheric circulations in the tropics. 
Introduction
Rain forests cover large regions in the tropics, including the Amazon basin, the Congo basin, and Indonesia. The same three regions are the locations of three large-scale atmospheric circulations with ascending branches over the forests. These circulations bring moisture from the oceans into the continental regions and generate rainfall over large areas. Vegetation and large-scale atmospheric circulations constitute a biogeophysical system in equilibrium. On the one hand, the climate conditions created by these circulations represent ideal environments for rain forests. On the other hand, latent and sensible heat fluxes from the forest into the atmosphere provide important boundary conditions for the dynamics of these circulations.
Recently, the intensity of human activity in several tropical regions reached a scale that may significantly change land cover and vegetation over large areas through intense deforestation practices. The question that motivates this study is how these changes in land cover may affect the large-scale circulations in the tropics. The impact of tropical deforestation on atmospheric circulations is the immediate focus of this paper. But, at a more fundamental level, this study is about the role of vegetation in driving large-scale atmospheric circulations in the tropics. Deforestation introduces a perturbation in the state of vegetation; hence by studying the response of the The results of the modeling studies seem to agree in the predictions about the impact of deforestation on rainfall, surface temperature, and evaporation. However, although most of the recent studies agree on the sign of the change in the large-scale circulation following deforestation, there is no generally accepted theory on how deforestation affects the largescale atmospheric circulations. Any change in the atmospheric circulation dictates a similar change in runoff from a large area. Runoff is the convergence of atmospheric water vapor, equivalent to the difference between precipitation and evaporation (neglecting changes in storage at the surface and the subsurface). In addressing this problem, Eltahir and Bras [1993] use a linear model to describe the response of the tropical atmosphere to large-scale deforestation. Two competing responses, or mechanisms, are suggested: (1) a thermally direct converging circulation in the boundary layer driven by the increase in surface temperature and (2) a diverging circulation in the boundary layer due to the corresponding decrease in rainfall and latent heating. The first mechanism is similar to that of Lindzen and Nigam [1987] which describes the response of the dry tropical atmosphere to gradients in sea surface temperature. The second mechanism is based on representing the effects of water vapor, in an otherwise dry atmosphere, by including the latent heating due condensation in the upper atmosphere [Gill, 1980] . The study of Eltahir and Bras [1993] explains the evident sensitivity of GCMs results regarding the changes in runoff and circulation as due to the competition between these two different responses. However, the same study does not address the question regarding the sign of the overall change in the total atmospheric circulation following large-scale deforestation. Instead, the final result is left for the competition between the two mechanisms. The origin for the concept that deforestation excites two different and competing responses lies in the separation between the thermodynamics of atmospheric water vapor from the dynamics of the dry atmosphere. In contrast, this paper will consider the unified dynamics of the moist tropical atmosphere. By taking this step, we will address the question of what happens to the total atmospheric circulation following deforestation. The immediate objective of this study is to develop some basic understanding regarding the mechanisms linking deforestation and the change in the large-scale atmospheric circulations. The three largest rain forests are located in the Amazon, Congo, and Indonesia. This paper focuses on these tropical regions and addresses several important questions. For example, will deforestation in the Amazon weaken or strengthen the circulation with the Atlantic Ocean? In another region we may ask [1994] in treating the dynamics of convection in the tropical atmosphere. The main advantage of the equilibrium assumption is that it provides a unique relation between the surface entropy and the vertical distribution of temperature. In section 4 the response of the tropical atmosphere to large-scale deforestation is reduced to the problem of studying the impact on the circulation due to changes in the surface entropy. The linear response of the tropical circulation to the change in surface entropy is simulated using a simple model of atmospheric flow. Section 5 describes a general mechanism for relating deforestation and the change in the circulation. In section 6, deforestation scenarios that assume total removal of the rain forests in the regions of the Amazon, Congo, and Indonesia are considered. The response of the tropical atmosphere to large-scale deforestation in these regions is studied with the purpose of inferring the role of vegetation in sustaining large-scale atmospheric circulations in the tropics.
Tropical Deforestation, Net Surface Radiation and Boundary Layer Entropy
The boundary layer entropy over any region is increased by surface fluxes of latent and sensible heat and decreased by a combination of three processes: entrainment at the top of the boundary layer, convective downdrafts, and radiative cooling of the boundary layer air. These processes are described schematically in Figure 1 . Deforestation affects the boundary layer entropy primarily through the change in the total flux of latent and sensible heat from the surface into the atmosphere. The sign and magnitude of the change in boundary layer entropy depends on how the total flux of heat, including latent and sensible forms, may change after deforestation.
Deforestation modifies the surface energy balance. The change from forest to short grass or bare soil will increase the relative magnitude of sensible heat flux compared to the latent heat flux resulting in a larger Bowen ratio. The reduction in evaporation follows mainly from the smaller root-zone depth associated with short grass in comparison to forest. However, the less obvious question is how deforestation changes the magnitude of the total flux of latent and sensible heat. In the following, this question will be addressed by considering the energy balance at the boundary between the land surface and the atmosphere. Before deforestation the equilibrium state of 
where r5 preceding any of the terms denotes a small change in that variable due to deforestation. Subtraction of (2) GCMs to investigate the deforestation problem in the Amazon region. Table 1 The net impact of deforestation on the radiation balance at the land-atmosphere boundary is to reduce net surface radiation. When deforestation occurs over a large area, most of the reduction in net radiation comes from the change in terrestrial radiation.
But when deforestation covers medium to small scales, the changes in solar and terrestrial radiation seem to contribute similar magnitudes to the overall change in net surface radiation. The energy balance at the land-atmosphere boundary requires that any reduction in net surface radiation has to be balanced exactly by a similar reduction in the total flux of heat from the surface, including latent and sensible forms. Hence large-scale deforestation should result in smaller total flux of heat from the surface into the boundary layer. The change in surface entropy following deforestation is primarily caused by the change in the total flux of heat. Equation (4) suggests that the change in the total flux of heat following deforestation is equivalent to the change in net surface radiation. Given that is true, then the change in boundary layer entropy will follow the change in net radiation at the surface. The potential feedbacks due to the changes in the three other processes (see Figure 1) that control boundary layer entropy are relatively small compared to the effects on entropy due to the change in total flux of heat. However, these feedbacks are likely to introduce additional reduction in At such large scales, deforestation changes the boundary layer entropy. The analysis in this paper is relevant to deforestation at large scales (-106 km2).
Relation Between Boundary Layer Entropy and the Vertical Profile of Temperature
The climate of the rain forests in the Amazon, Congo, and in Indonesia is characterized by some of the highest levels of where w' is the perturbation to the vertical velocity field above the boundary layer and g is gravitational acceleration. In a moist atmosphere that satisfies the quasi-equilibrium hypothesis and is free of any large-scale vertical motion, the latent heating due to moist convection is exactly balanced by the large-scale radiative forcing. The direct effect of moist convection is to mix the tropical atmosphere resulting in an almost constant vertical distribution of saturation entropy. This condition is achieved at short timescales characteristic of the moist convection process. As a result, at the timescales of large-scale motions the magnitude of boundary layer entropy determines the vertical profile of atmospheric temperature. This temperature distribution describes a radiative convective equilibrium condition and will be denoted by To. When a large-scale circulation develops in a moist atmosphere that satisfies the quasi-equilibrium hypothesis, the principle of conservation of energy requires that any resulting adiabatic heating (cooling) due to the large-scale vertical mo- 
where a is specific volume and p is pressure. The Maxwell's relations [Emanuel, 1994] imply that OT a' ),, = s' ),, 0P' -s' )pS (13) where s' is perturbation in saturation entropy and S is static stability. Under the quasi-equilibrium assumption the perturbation in saturation entropy is constant in the vertical and is equivalent to a perturbation in boundary layer entropy s'•,. Substitution of (11), (12), and (13) where p is pressure at the tropospheric level where most of the radiative cooling takes place (-300 mbar). This analysis provides a closed set of equations: (6), (7) and (14), on the three 
A Mechanism Relating Tropical Deforestation and the Change in Large-Scale Atmospheric Circulation
The following mechanism is proposed for relating deforestation and the change in large-scale atmospheric circulations.
The mechanism is illustrated in Figure 5 . Deforestation moditics the surface energy balance and reduces the net surface radiation. The surface energy balance dictates that a reduction in net surface radiation should result in reducing the total flux of heat from the surface, including latent and sensible forms. Thc latter causes a reduction in the boundary layer entropy.
Under the quasi-equilibrium assumption a reduction in the boundary layer entropy modifies the vertical profile of equilibrium temperature and causes cooling of the upper atmosphere over the deforested region relative to the surroundings. This relative cooling drives a thermally direct circulation causing a sinking motion over the deforested region. The principle of mass conservation suggests that subsidence over the deforested region is consistent with a converging circulation in the upper atmosphere and a diverging circulation in the boundary layer.
The spatial distribution of equilibrium temperature is the forcing for atmospheric circulations over large rain forests.
The observed distribution of net surface radiation has maximum points over the rain forests; see Budyko [1986] In the following, we compare the mechanism of Figure 5 to the theory of Charney [1975] who presented a mechanism for explaining the occurrence of droughts in West Africa. Charney's theory is based on the basic concept that deserts work as radiative sinks of energy where the loss of heat due to the emission of terrestrial radiation is balanced by adiabatic warming due to subsidence. Under these conditions, removal of vegetation increases surface albedo, causing an additional radiative cooling. The latter can only be balanced by additional adiabatic warming and hence results in enhancement of sinking motion. The main similarity between the mechanism proposed in this paper and that of Charney is the suggestion that degradation of land cover and vegetation would eventually induce sinking motion. The main important differences between the two mechanisms are the following: (1) the mechanism presented in this paper explicitly considers the physical processes in a moist atmosphere as opposed to the assumption of dry atmosphere that is implicit in the theory of Charney [1975] . Indeed, this important difference makes the proposed mechanism more relevant to the dynamics of the tropical atmosphere over the rain forests. 
